Microspore and anther cultures provide an opportunity to create haploid and doubled haploid plants within a single season, thereby reducing the time and cost of cultivar development. Microspore and anther culture has been widely used and incorporated into wheat breeding programs in many countries, but little is known about the effectiveness of these techniques on South African germplasm. By using two responsive genotypes, isolated microspore culture was shown as more effective at revealing androgenic competence, and was used to evaluate the response of four South African inbred lines and two hybrids. Inbred lines A and B were highly responsive (336 and 207 embryo-like structures [ELS] per 100 anthers, respectively), line D was slightly responsive (5.1 ELS per 100 anthers) while line C was recalcitrant. The hybrid A Â C was highly responsive (274 ELS per 100 anthers), and B Â D did not respond at all. Green plant regeneration in a local genotype was very low (1% for line B) compared to that of foreign genotype (17% for Pavon 76). Similarly to other wheat genotypes grown around the world, the responsiveness of the South African varieties is also very variable. Thus, more efforts are needed so that isolated microspore culture can become a general tool in breeding programs.
Introduction
Haploids are autonomous, sporophytic plants that have a chromosome number equal to that of their gametes. Chromosomes may double either spontaneously or after applying an anti-mitotic agent such as colchicine or trifluralin and then become 100% homozygous at all loci. Haploids are an important research tool, and can be used for mutation studies (Castillo et al., 2001) , transformation experiments (Folling and Olesen, 2002) , genetic analysis and plant breeding (Khan et al., 2001) . Wheat microspore cultures have been used to study the process of zygotic embryogenesis by using them as nurse cultures for growing isolated wheat zygotes (Kumlehn et al., 1999; Bakos et al., 2003) . In contrast to doubled haploid (DH) plants, inbred lines obtained by controlled self-pollination are not completely homozygous, and some heterozygosity still remains (Allard, 1960) . The rapidity with which an inbred line can be produced by anther or microspore culture results in a shortening of the breeding cycle (Wu, 1986) .
Perhaps the biggest potential of in vitro DH production is the possibility of producing enormous numbers of different inbred lines from one plant. If a highly heterozygous parent plant is considered, from an open pollinated population for example, each microspore derived via meiosis would be genetically dissimilar. Since each microspore has the potential to undergo androgenesis, hundreds of thousands of genetically different homozygous plants can be created in one season. These lines can be used for selection of desirable genotypes for creating hybrids.
Traditionally, chromosome elimination from wide-crosses (Zhang et al., 1996) and anther culture were used extensively to produce haploid and DH wheat plants, but there has been a steady shift towards isolated microspore culture systems. In the last decade, yields of microspore-derived embryos from microspore cultures have far exceeded those obtained in the other systems (Liu et al., 2002a; Zheng et al., 2003) .
Several factors are known to influence induction and regeneration of haploid and DH plants in wheat. These include microspore developmental stage (Barnabás et al., 2001 ), pre- and post-initiation treatments, temperature (Touraev et al., 1996) , osmotic potential (Kang et al., 2003) , the type and strength of gelling agent (Patel et al., 2004) and the composition of the induction (Indrianto et al., 1999) and culture media (Jones and Petolino, 1987; Trottier et al., 1993) . In particular, inclusion of the hormone phenylacetic acid (PAA) in the culture medium leads to increased production of embryolike structures (ELS) and improves the proportion of regenerants (Liu et al., 2002a; Ziauddin et al., 1992) and can even substantially increase the proportion of spontaneous diploidization (Kang et al., 2003) .
Induction of androgenesis results in a complete switch in the developmental program from gametophytic to sporophytic. This implies suppression of many genes involved in pollen development, and transcription of a plethora of new genes required to redirect growth and development. The induction treatment involves a stress situation that results in production of low molecular weight heat shock proteins, as well as rearrangements of the cytoskeleton that result in change in polarity (Reynolds, 1997) .
Although the procedure for producing doubled haploid plants from wheat is now routinely practiced in many countries, the number of DH plants that become successful commercial cultivars appears disproportionately low. There may be several reasons for this, including complex genetic interactions due to the genome being derived from three ancestors and characters a part of quantitative trait loci (QTL). In many cases, the theoretical potential of these techniques has never been fully converted into successful practical applications.
Little is known about the androgenic responsiveness of wheat varieties grown in South Africa. Since embryo development and plant regeneration from microspores are strictly regulated developmental processes, it is important to assess different genotypes for their competence to produce haploid and DH plants. Thus, the aims of this study were twofold: first, to establish the best method for producing DH plants using genotypes known to be responsive, and second, to use this protocol to assess the androgenic capacity of several inbred and hybrid lines used in South African wheat breeding programs.
Materials and methods
Seeds from two responsive genotypes (Chris and Pavon 76, Liu et al., 2002b) , four inbred lines (A, B, C, D) and two hybrid lines (A Â C, B Â D) were obtained from PANNAR (Pty) Ltd. The seeds were germinated in seedling trays and after two weeks, transferred to pots (20 Â 25 cm in diameter) containing potting soil and placed in a greenhouse at a radiant flux density of 450 Amol m À 2 s À 1 . Plants were fed using a half-strength solution of Chemicult\ (Kompel, South Africa) providing 6.5% N, 2.7% P, 13% K, 7% Ca, 7.5% S, 0.15% Fe, 0.024% Mn, 0.024% Bo, 0.005% Zn, 0.002% Cu, 0.001% Mo by hand once every week.
Spikes were harvested when microspores in the middle portion of the spike were in the late-uninucleate stage. This was determined by squashing anthers onto a microscope slide, staining with 0.5% (w/v) acetocarmine, observing under a compound microscope, and relating this to morphological characteristics of the plants. Freshly harvested spikes were placed at 4 -C for 2 -4 days prior to induction. They were then decontaminated by immersion in 70% (v/v) ethanol for 30 s and air-dried in a sterile laminar flow bench. Anthers were dissected from the spikelets and placed on 4 ml induction medium B (Indrianto et al., 1999) in a 35-mm sterile glass Petri dish for 3 days at 33 -C in the dark. Anthers were then removed from the induction medium and placed in 6 ml filter sterile liquid NPB99 (Liu et al., 2002b ) medium in 55-mm Petri dishes and incubated at 27 -C in the dark.
For isolated microspore culture, microspores were extracted by macerating the pretreated anthers in 1 ml NPB99 culture medium for 30 s in a sterile glass vial on a magnetic stirrer at 200 rpm. This was repeated twice and the microspore suspension was filtered through an 80-Am mesh filter and centrifuged for 5 min at 100Âg in sterile 15 ml centrifuge tubes. The microspore pellet was resuspended in 750 Al culture medium and placed in a 25-well Sterilin\ repli-dish. Three ovaries were added to each well as a nurse culture to aid androgenesis (Zheng et al., 2001b) . Repli-dishes were placed in the dark at 27 -C and embryogenesis was followed using an inverted light microscope (Zeiss IM 35).
Embryo-like structures (ELS) that had reached approximately 1.5 -2 mm in size were transferred to a 190-2 regeneration medium (He and Ouyang, 1984) and placed in a culture room at 25 -C under a 16-h photoperiod with fluorescent tubes providing a radiant flux density of 12.6 Amol m À 2 s À 1 . After 2 weeks, regenerated plantlets were scored as either green or albino, and placed in a misthouse for acclimatization. Once hardened off, plants were transferred to a greenhouse and grown till maturity. Plants were assessed for fertility by determining the number of plants that set seed, and ploidy levels were confirmed by flow cytometric analysis. Leaf tissue samples (0.3 g) from regenerated green plants were cut into very small pieces with a razor blade in 1 ml extraction buffer containing 100 mM MgCl 2 , 40 mM trisodium citrate, 22 mM 4-morpholinepropanesulfonic acid (MOPS), 0.1% (v/v) Triton-X-100 with pH adjusted to 7.14. The suspension was filtered through a 50-Am mesh filter and stained with 500 Al propidium iodide. Fluorescence was measured using a Beckman Coulter Epics XL-MCL flow cytometer and total DNA content was compared with control data from parent plants.
Spikes were randomly assigned to treatments, and each replicate contained approximately 70 anthers. At least eight replicates were performed for each treatment, and data were analysed for differences using ANOVA and LSD.
Results
Both Chris and Pavon 76, varieties known to be responsive, were amenable to both anther and microspore culture. Numbers of ELS produced were comparable for both varieties using anther culture, but Pavon 76 produced 3.5-fold more ELS than Chris when microspore culture was employed (Fig. 1) . Pavon 76 produced considerably more green plants from ELS than did Chris for both anther and microspore culture (Table 1) . Plate 1A shows a typical anther culture of Pavon 76 with many ELS being released from the anthers.
Over 98% of plants transferred to the misthouse were successfully hardened off and grew till maturity. Diploid plants set seed in the same way as control plants, while haploid plants failed to produce seeds. Approximately two-thirds of plants regenerated from ELS of Pavon 76 were fertile doubled haploids.
With regard to the South African varieties, inbred lines A and B produced high numbers of ELS while line D produced very few, and C was totally recalcitrant (Fig. 2) . Interestingly, the hybrid A Â C was highly responsive and B Â D did not produce any ELS. The proportion of green plants regenerated from ELS transferred to the 190-2 medium was extremely low, with line B giving the highest percentage (1%) ( Table 2) .
The pathway resulting in embryo formation via androgenesis for line A is shown in Plate 1B -E. Microspores isolated from pretreated anthers have distinct cytological structures as a result of the induction treatment and belong to one of three different classes. Type-1 cells have a large central vacuole with the nucleus in a thin layer of cytoplasm near the cell wall, the cytoplasm of type-2 cells is fragmented and the nucleus is situated in a phragmosome, and type-3 cells have a star-like or fibrillar cytoplasm (Indrianto et al., 2001) . All three of these cells are seen in Plate 1B.
After 4 days in culture, the cytoplasm of induced microspores becomes dense (golden brown) and granular (Plate 1C) and the structure has become multicellular. By the tenth day, the proembryoids are released from the pollen wall (Plate 1D), and after 18 -21 days, a complete microspore-derived embryo had formed (Plate 1E). Upon transferal to 190-2 regeneration medium, green and albino plantlets developed (Plate 1F).
Discussion
Both wheat cultivars, Chris and Pavon 76, previously reported as responsive, gave good yields of androgenic embryos in anther culture. In isolated microspore cultures, however, Pavon 76 produced approximately three times the number of ELS than in anther cultures, while the mean number of ELS produced by Chris did not differ much compared to anther cultures. This differential response is intriguing since the same medium was used throughout (liquid NPB99), and the same pretreatment (induction) was applied to all anthers. This suggests that the anther wall influences androgenic development, probably because uptake of nutrients and hormones by the microspores is dependent on their position within the anther ).
In the case of Pavon 76, isolated microspores produced more ELS during culture because the effect of the anther wall was removed. Although the anther wall would not be inhibiting androgenesis (as this would imply negative regulation), it may be preventing vital androgenic signaling compounds from reaching the microspores, and so decrease the proportion of microspores able to successfully complete androgenesis. Alternatively, the anther may be releasing substances into the medium that may inhibit further development of the microspores (Heberle-Bors, 1985) . In contrast, no significant difference was found between ELS production in anther and microspore cultures of Chris, indicating that the anther wall in this case is not as important for processing signals as Pavon 76. When investigating the ability of a particular line to complete androgenesis, it is preferable to know the genetic competence, and not the effect of the anther wall. Thus, microspore culture appears to be more effective at evaluating and differentiating between androgenic responsiveness than anther culture .
Differences between genotypes in terms of capability to undergo androgenesis are well documented (Jones and Petolino, 1987; Puolimatka and Pauk, 2000; Kang et al., 2003) . Although Zhou and Konzak (1989) reported that Pavon 76 produced significantly more ELS per 100 anthers than Chris (101 compared to 251) during anther culture, our results showed very little difference between these cultivars (111 and 117 ELS per 100 anthers for Chris and Pavon 76, respectively). With regard to microspore culture, Liu et al. (2002b) showed that Chris outperformed Pavon 76, in contrast to the results presented here which indicate the opposite. These inconsistencies may arise from different parameters used during induction, as well as subtle differences in techniques.
South African cultivars showed large differences in ability to initiate and complete androgenesis. Inbred lines A and B showed good androgenic response to microspore culture, while D was only slightly responsive and C was found to be androgenically incompetent (Fig. 2) . This highlights the point that even within a highly adapted and extensively bred crop species, major differences exist at the genetic level.
It has been previously suggested that androgenic capacity is a heritable trait (Foroughi-Wehr et al., 1982; Pechan and Smykal, 2001) . The hybrid A Â C produced a similar number of ELS per 100 anthers to its maternal parent, A, even though its pollen parent, C, is completely recalcitrant. This confirms that South African cultivars have the necessary genes required for androgenesis, and that they can be transferred to nonresponsive varieties. The hybrid B Â D did not produce any ELS, but both its parents were found to be amenable to the protocol. In this case, genes encoding androgenesis were not transferred from either parent to the hybrid. In combination, these observations suggest that several genes may be involved in regulating the androgenic response. Regeneration of green plants was also found to differ between the two responsive genotypes, with Pavon 76 having a much higher proportion of green plants for both anther and microspore culture (Table 1) . Interestingly, Liu et al. (2002b) , using the same culture and regeneration media, but a different induction pretreatment, found that 99% of Chris ELS regenerated green plantlets, while 60% of ELS produced by Pavon 76 regenerated green plants. These are substantially higher than our findings of 1% and 17% for Chris and Pavon 76, respectively, and could result from the differences in the applied induction procedure. Lö schenberger et al. (1995) found that plants obtained by indirect regeneration (via an intermediate callus stage) were albino, while plants grown from ELS that had undergone direct embryogenesis were green. While some work suggests that regeneration of green plants is a heritable trait located at four QTLs within the wheat genome (Torp et al., 2000) , other results have explained the high rates of albino plants in the Gramineae as a result of deletions in the plastid genome (Sugiura, 1992) , reduction in transcription (Dunford and Walden, 1991) and regulation of protein levels (Hofinger et al., 2001 , cited in Touraev et al., 2001 .
Although good progress has been made in assessing the competence of several inbred and hybrid lines grown in South Africa, there is still much scope for improvement. For example, as many as 6 000 ELS per spike may be produced in some culture systems , and up to 99% of all ELS can regenerate green plantlets (Liu et al., 2002b) . Despite the fact that much of this variation is genetic in origin, optimizing induction and regeneration parameters are still necessary and able to improve the yields of DH plants from wheat (Zheng, 2003) . Integration of these procedures into current breeding programs will not only reduce the time for cultivar development, but can create genetically different lines that are homozygous by releasing the inherent genetic variation contained within the genome.
